Abstract-A comparison of snow depths on sea ice was made using airborne altimeters and an Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) simulator. The data were collected during the March 2006 National Aeronautics and Space Administration (NASA) Arctic field campaign utilizing the NASA P-3B aircraft. The campaign consisted of an initial series of coordinated surface and aircraft measurements over Elson Lagoon, Alaska and adjacent seas followed by a series of large-scale (100 km × 50 km) coordinated aircraft and AMSR-E snow depth measurements over portions of the Chukchi and Beaufort seas. This paper focuses on the latter part of the campaign. The P-3B aircraft carried the University of Colorado Polarimetric Scanning Radiometer (PSR-A), the NASA Wallops T. Markus is with NASA Goddard Space Flight Center, Cryospheric Sciences Laboratory, Greenbelt, MD 20771 USA (e-mail: thorsten.markus@nasa.gov).
I. INTRODUCTION
T HE PRIMARY objective of the National Aeronautics and Space Administration (NASA) March 2006 Arctic field campaign was to assess the accuracy of the Aqua Advanced Microwave Scanning Radiometer for the Earth Observing System (EOS) (AMSR-E) snow depth on sea ice retrievals [1] . The field campaign consisted of an initial series of coordinated surface and NASA P-3B aircraft measurements over Elson Lagoon, Alaska and adjacent seas on March 18 and 20 followed by a series of large-scale (100 km × 50 km) coordinated aircraft and Aqua AMSR-E measurements over portions of the Chukchi Sea, Kotzebue Sound, and the Beaufort Sea on March 21, 22, and 25, respectively. A sixth flight on March 24 was coordinated with an ICESat overpass in the high Arctic to support a study of the effects of snow cover variability on ice thickness retrievals from the ICESat laser altimeter [2] . All six flights were made from Fairbanks International Airport, Alaska [ Fig. 1(a) ]. A transit flight to Greenland was also made on March 27 in coordination with an Envisat Radar Altimeter-2 overpass in the high Arctic to validate sea ice elevation measurements derived from the Envisat microwave altimeter [3] .
The Elson Lagoon flights on March 18 and 20 were used to compare in situ snow depth measurements with snow depth measurements made from the airborne radiometer and altimeters. The results from these flights will be the subject of a forthcoming paper. In this paper, we use data collected over the flight areas of March 21, 22, and 25 [ Fig. 1(a) ] to compare the snow depth retrievals obtained from the NASA P-3B altimeters and from the radiometer which has the same radiometric channels as the AMSR-E sensor. Even with the aircraft making two or three passes over an AMSR-E 12.5 km grid cell, the coverage by the aircraft sensors was too sparse for a direct comparison with AMSR-E snow depths. Thus, we use the airborne radiometer as an AMSR-E simulator to compare the microwave radiometer and altimeter snow depths. Previous work used both the high-resolution airborne laser altimeter retrievals of snow-ice freeboard and the passive microwave retrievals of snow depth from this campaign to provide insight into the spatial variability of these quantities as well as optimal methods for combining high-resolution satellite altimeter measurements with low-resolution snow depth data [4] .
The original intent of this work was to use the airborne altimeters as a validation tool to assess the AMSR-E snow on sea ice retrievals, but since the altimeter elevation differences used as a measure of snow depth on sea ice have yet to be validated, we present a comparison between the airborne altimeter-derived snow depths and the airborne microwave radiometer-derived snow depths using an equivalent AMSR-E snow depth on sea ice algorithm. The comparative results provide insight into the limitations of both the altimetric and radiometric snow depth retrievals.
II. METHODOLOGY

A. EOS Aqua AMSR-E Satellite Data
The AMSR-E was launched in May 2002 on the Aqua satellite. AMSR-E is a state-of-the-art sensor measuring microwave emissions over a broader range of wavelengths and with better spatial resolution than previous satellite radiometers. AMSR-E was designed and built by the Japan Aerospace Exploration Agency for the NASA EOS Aqua spacecraft [5] . The three AMSR-E sea ice products include sea ice concentration, snow depth on sea ice, and sea ice drift. In this paper, we make use of the snow depth on sea ice product.
AMSR-E snow depth on sea ice is a 5-day averaged gridded product at a resolution of 12.5 km and is derived using an algorithm described by [6] . While the product is available for both the Antarctic and Arctic, in the latter region, the snow depth retrievals are limited to areas of first-year sea ice, because multiyear ice presents a fundamental ambiguity, which is discussed later, making the retrieval of snow depth over multiyear ice indeterminate, at least at present. An example of the 5-day AMSR-E snow depth product is shown in Fig. 1(b) .
As described in [6] , the snow depth on sea ice algorithm is linearly related to the spectral gradient ratio corrected for sea ice concentration GRV (ice) defined by
where T b (37V) and T b (18V) are the brightness temperatures of the satellite radiometer and
T bow is the open water brightness temperature, and C is the sea ice concentration as determined by the enhanced NASA Team (NT2) algorithm applied to the AMSR-E data [7] .
The snow depth h s in centimeters is given by
Both the a 1 and a 2 coefficients were derived from a linear regression of in situ snow depth measurements on SSM/I microwave measurements [6] . These coefficients were subsequently adjusted to take into account brightness temperature calibration differences between SSM/I and AMSR-E. For AMSR-E, a 1 has the value of 2.9 cm, and a 2 has the value of −782 cm. The basis of the algorithm assumes that scattering increases with increasing snow depth and that the scattering efficiency is greater at 37 GHz than at 18 GHz. For snow-free first-year sea ice, the gradient ratio is close to zero, and it becomes more and more negative as the differential scattering increases resulting from an increase in snow depth and/or an increase in grain size. The upper limit for snow depth retrievals is about 50 cm which is a result of the limited penetration depth at 37 GHz [8] .
The algorithm is applicable to dry snow conditions only. At the onset of melt, the emissivities of both the 18 GHz and the 37 GHz channels approach unity (that of a blackbody) and the gradient ratio approaches zero initially before becoming positive. Thus, snow depth is indeterminate under wet snow conditions. Snow, which can be wet during the day, frequently refreezes during the night. This refreezing results in very large grain sizes, which results in a reduced emissivity at 37 GHz relative to 18 GHz, thereby decreasing GRV (ice) and thus results in an overestimate of snow depth. These thaw-freeze events cause large temporal variations in the snow depth retrievals. This temporal information is used in the algorithm to flag the snow depths as indeterminate from those periods with large fluctuations. As in situ grain size measurements are even less frequently collected than snow depth measurements, the influence of grain size variations could not be incorporated into the algorithm. Because of diurnal melt-freeze cycles and sporadic weather effects, AMSR-E daily snow depth products are 5-day running averages.
Because of the higher sensitivity of snow depth retrievals to ice concentrations less than 20%, the algorithm limits snow depth retrievals to ice concentrations between 20% and 100%. Ice concentrations less than 20% appear almost exclusively near the ice edge, so the total area excluded is relatively small.
Both multiyear ice and deep snow on top of first-year ice result in increasingly negative values for the spectral GR [9] ; therefore, the algorithm only retrieves snow depth in the seasonal sea ice zones. We currently use a dynamic GRV based filter which approximates the multiyear sea ice cover. This multiyear ice mask is defined on October 1 of each year as sea ice which has GRV values of less than −0.03. The same GRV test is done for each subsequent day, with the resulting classification being limited by the boundary of the previous day's mask, with an allowance of a 1 pixel perimeter, to take into account the possible motion of the multiyear ice pack.
B. Aircraft Data Sets
The NASA P-3B aircraft carried the University of Colorado Polarimetric Scanning Radiometer (PSR-A), the NASA Wallops Airborne Topographic Mapper (ATM) lidar altimeter, and the University of Kansas Delay-Doppler (D2P) radar altimeter. The PSR-A was used as an AMSR-E simulator, whereas the ATM measured the range from the aircraft to the air/snow interface and the D2P measured the range from the aircraft to the sea ice/snow interface. The processing of the altimeter measured ranges is quite complex and is discussed in detail elsewhere (e.g., [10] - [12] ). The altimeter products used in this study are given as elevations measured in meters relative to a common geoid. The difference in altimeter elevations (ATM-D2P) was used to provide an independent estimate of snow depth. A summary of the aircraft instrument operating characteristics as well as the estimated precision of the altimeters obtained from previous field campaigns is presented in Table I .
The method employed consisted of making three flights (March 21, 22, and 25) over large areas (100 km × 50 km) covering 32 AMSR-E grid elements (12.5 km on a side) on each day. The day before each of these flights, we utilized near realtime AMSR-E snow depth maps to plan the next day's flight. On March 21, we covered an area in the Chukchi Sea which had a relatively shallow snow cover [ Fig. 2 For the purpose of utilizing the PSR as an AMSR-E simulator, we calibrated the PSR 19 GHz V-pol. and 37 GHz V-pol. brightness temperatures relative to AMSR-E making use of all the data obtained for March 21, 22 , and 25 resulting in a total of 96 data points (Fig. 3) . The justification for using the PSR as a proxy for AMSR-E is the high correlation (0.94) between the AMSR-E and PSR GRV parameters (Fig. 4) . Once the PSR 19V and 37V brightness temperatures were converted to equivalent AMSR-E brightness temperatures using the regression equations shown in Fig. 3 , the AMSR-E snow depth algorithm was applied [ (1) and (4)] to obtain PSR snow depths.
Field airborne laser and radar altimeter measurements show that the difference between the ATM elevation and the D2P elevation provides a snow depth estimate consistent with climatologies [14] , because the ATM measures the elevation of the air/snow interface and the D2P measures the elevation of the snow/ice interface both relative to a common geoid. Before using the altimeters as an alternate means of providing estimated snow depths, we needed to calibrate them relative to each other over some sea ice surface with a known snow depth. Newly frozen leads or polynyas provide such a surface. The rationale is that the ATM and D2P elevations should match over newly formed ice because there is only a minimal snow cover, if any at all. An analysis of ATM and D2P elevations measured over frozen leads and polynyas on all three days showed that the area with a minimum ATM-D2P elevation variance (2.41 cm) occurred over the frozen coastal polynya on March 22. The mean difference was −9.93 cm indicating that we needed a 10 cm offset in the D2P elevations to obtain agreement between the two altimeters. While we cannot be sure that there was no snow cover, without this offset there were 122 negative snow depths obtained with a maximum negative value of −12 cm, whereas with the offset there were only 17 negative values the largest being −2 cm. Finally, for the purpose of obtaining a geolocated airborne sensor data set, the D2P altimeter data were chosen as the reference location. The ATM elevation and PSR brightness temperature data were averaged over a 35 m diameter circle around each given valid D2P point. The 35-m data sets were smoothed either to a 1-km length scale or to the 12.5-km AMSR-E grid scale for the comparison studies discussed below.
III. RESULTS AND DISCUSSION
The sea ice and snow cover characteristics of the areas overflown on March 21, 22, and 25 are all quite different and are discussed in the context of their microwave polarization (PR) and spectral gradient (GR) signatures. PR is defined in terms of the 19-GHz horizontal and vertical polarization PSR channels Whereas GR is defined in terms of the 19-GHz and 37-GHz vertical polarization PSR channels
The PR-GR characteristics of each of these three areas are shown in Fig. 7 through the use of PR-GR scatter plots. The PR-GR plot for March 21 [ Fig. 7(a) ] shows a fairly tight cluster near PR of 0.05 and GRV of −0.02 which is typical of firstyear ice types (e.g., [9] and [15] ). A looser cluster of points, typical of new and young ice types, straddles the GRV value of 0 and extends to higher PR values. The plot for March Fig. 7(b) ] shows that in addition to the typical first-year ice distribution of points, many points have more negative GRV values. The more negative GRV values are likely the result of deeper snow and the effects of the melt/freeze event that occurred in mid February which may have resulted in a snow cover with ice layers resulting in more scattering of the 37-GHz radiation relative to 19 GHz. Finally, the area overflown on March 25 was comprised of first-year and multiyear sea ice with no new and young ice types [ Fig. 7(c) ].
[
Scatter plots of the altimeter snow depths versus the PSR GRV values for each of the three study areas overflown are shown in Fig. 8 . The expected linear relationship between the microwave parameter GRV, which is the independent variable in the snow depth algorithm [6] , and the altimeter snow depth is lost for the March 22 and March 25 areas. Only for the March 21 area does the linear relationship hold [ Fig. 8(a) ].
Reasons for the lack of correlation for March 22 and 25 [ Fig. 8(b) and (c) ] are difficult to determine with certainty. The lack of correlation for the March 25 flight in the Beaufort Sea is probably related to the large fraction of multiyear ice in the region. However, the March 22 area in Kotzebue Sound is devoid of multiyear ice, but contains ice having more negative GRV values [ Fig. 7(b) ] than is normally observed in first-year ice regions. As noted earlier, there was a large-scale melt-freeze event in Kotzebue Sound during mid-February 2006. Fig. 9 shows a sequence of daily ECMWF (ERA-interim) atmospheric temperatures and AMSR-E snow depth maps during midFebruary covering both the Chukchi Sea and Kotzebue Sound flight areas overflown on March 21 and 22, respectively. It is clear from Fig. 9 that the flight area over Kotzebue Sound had positive daily-averaged air temperatures in mid-February, whereas the flight area over the Chukchi Sea had not. In particular, during the period from February 14-20, two low pressure systems initially centered over the Gulf of Anadyr [ Fig. 1(a) ] migrated into the Chukchi and Beaufort seas, resulting in a combination of southerly winds, increased air temperatures, and a likely increase in down-welling, long-wave radiation associated with increased cloud cover. With air temperatures near zero, it is also possible that some precipitation may have fallen as rain, which would have significantly affected the scattering properties of the snow cover. The Kotzebue weather station reported warming daily air temperatures from the beginning of February to February 15 when the maximum temperature of 1.1
• C was reached. An increase in snow on the ground was not reported until February 25 when the measured snow and ice on the ground doubled to 28 cm. The maximum snow cover of 43 cm reported at Kotzebue was reached during mid-March. The weather conditions and melt event in Kotzebue Sound may have resulted in a combination of deep snow and a metamorphosed snow cover with ice layers and coarser-grained snow. This melt event which affected the entire flight area is a probable cause for the lack of correlation shown in Fig. 8(b) . Fig. 10 provides a time series of 6-hourly ECMWF surface air temperatures [16] and daily AMSR-E GRV values for the highlighted (red) pixels shown in Fig. 9 for the first three months of 2006. The red pixel within the red rectangle for Kotzebue Sound is located in the upper left portion of the flight area, and the red pixel for the Chukchi Sea is in the upper portion (Fig. 9) . Following February 15, 2006, the day of maximum air temperature (+1.08
• C), there is a marked difference in the behavior of the AMSR-E GRV values for the two flight regions after the onset of melt. The Chukchi Sea region apparently did not undergo the same degree of surface melt on February 15 (Fig. 10) . In fact, none of the 32 grid cells overflown on March 21 had daily average air temperatures above −0.9
• C with the warmest temperatures occurring closest to Kotzebue Sound [upper left in Fig. 2(a) (Fig. 10) . The GRV values in this range are typical of new, young, and thin first-year ice types. Because the Chukchi Sea region is much more dynamic than Kotzebue Sound, one possibility is that the February Chukchi Sea ice cover was displaced by sea ice having different (younger) surface characteristics. To explore this possibility, we compare daily AMSR-E snow depth maps with IFREMER (Institut Français de Recherche pour l'exploitation de la Mer, Issy-les-Moulineaux, France) AMSR-E sea ice drift maps obtained from (ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/ psi-drift/documentation/amsr.pdf) for a 10-day period in March 2006. These maps are shown in Fig. 11 .
From March 13 through March 17 the sea ice drift was toward the north, but from March 18, 19, and 20, there was even stronger ice drift away from the Alaskan coast (Fig. 11) . The Alaskan coast region between Cape Lisburne and Point Lay [ Fig. 1(a) ] produces a large volume of ice each winter through oceanic heat loss by coastal polynyas. The ice produced is often swept up in large-scale cyclonic or anticyclonic gyres and transported to other parts of the Arctic Ocean. The snow depth maps in Fig. 11 show an increasingly large area of ice with a shallow snow cover. Presumably, recently formed new and young ice types were advected into the area overflown on March 21 resulting in less negative GRV values (Fig. 10) .
Next, we examine the AMSR-E pixel-averaged D2P and ATM elevations, the altimeter and PSR snow depths, the ATM-derived surface roughness, and the AMSR-E snow depths for both the Chukchi Sea region overflown on March 21 (Table II) and the Kotzebue Sound region overflown on March 22 (Table III) . The orientation of the AMSR-E grid elements in Table II is rotated 90 • relative to the AMSR-E cells shown in Fig. 2(a) . The orientation of the grid elements in Table III is similar to that shown in Fig. 2(b) . The surface roughness was obtained by calculating the average standard deviation of the ATM elevations over each AMSR-E grid cell in each table.
In Table II, for depths shows that there is a positive correlation between snow depth and surface roughness for both the altimeter and PSR distributions. This is consistent with previous studies (e.g., [17] ). The AMSR-E snow depths are only weakly correlated with the surface roughness and the altimeter and psr snow depths. The latter result is probably due to the spatial sampling difference between aircraft and spacecraft. In Table III , for the Kotzebue Sound area, both the D2P and ATM elevations show a similar pattern with an increase in elevation from right to left which probably corresponds to a changing geoid. The change is about 1.5 m over a distance of 100 km, length of the P-3 flight line (eight 12.5-km AMSR-E grid cells). A comparison of the altimeter and PSR snow depths shows no agreement for this particular day. In fact, there is deeper snow derived from the altimeters on the right side of the flight area, whereas the PSR deep snow is found on the left side of the area. One possible explanation is that the greatest effects from the mid-February melt/freeze event and storm passages were felt in the upper left of the flight area (see Fig. 9 ). Because of this large-scale event, the sea ice snow cover in the upper left portion of the flight area may have had ice layers imbedded in the snow cover, which would have been particularly likely if rainfall had occurred. These ice layers may have resulted in lower altimeter snow depths (Table III) . Larger size snow grains in the affected area would have also caused the PSR snow depths to be overestimated [18] , because of greater scattering at 37 GHz relative to 19 GHz. Unfortunately, we do not have in situ measurements to confirm this interpretation. Another factor influencing the altimeter snow depth retrievals is the change in velocity of electromagnetic radiation from air to snow. The snow depth correction (v/c), where v is the wave velocity in snow, c the speed of light in vacuo, is proportional to √ (ε ), where ε is the dielectric permittivity of saline snow (i.e., the real part of the dielectric constant). A dielectric mixture model for saline snow [19] has been used to compute ε . The model parameterization is a function of snow properties (density ρ, salinity S, and temperature T), and the frequency of the radiation (15 GHz in our case). Our v/c correction ranges between 0.7 (ρ = 400 kg/m 3 , S = 15 ppt, T = 265 K) and 0.8 (ρ = 300 kg/m 3 , S = 0 ppt, T = 255 K). This range has been used to establish uncertainties of the altimeter snow depths (Fig. 12) .
We plot the PSR snow depths versus the altimeter snow depths in Fig. 12 for the Chukchi Sea flight on March 21 where we have a total of 880 coincident altimeter and PSR measurements spanning portions of 31 AMSR-E pixels. For the purpose of gaining insight into the effects of the air/snow velocity differences on the snow depth retrievals, we show three regression lines, one for the uncorrected altimeter snow depths (dashed line) and two others for the modified altimeter snow depths using the 0.8 and 0.7 v/c factors. The uncorrected velocity has the smallest slope of 0.43, whereas the 0.7 and 0.8 modified retrievals have slopes of 0.54 and 0.62, respectively. Although these modifications increase the slope slightly, we still have slopes much less than 1. The length of the error bar for each point shown in Fig. 12 is determined from the 0.7 and 0.8 v/c corrections and provides a sense of how much the correction affects the snow depth retrieval. The variation in v/c which depends on the snow properties certainly contributes to the observed scatter. We also indicate surface roughness, which is computed from ATM measurements, for each data point in Fig. 12 through the use of a color scale. It is apparent that both the PSR and altimeter snow depths increase with increasing surface roughness. The correlations between the PSR and altimeter snow depths and surface roughness are 0.60 and 0.67, respectively.
Finally, we calculate comparison statistics based on the PSR and altimeter snow depth data sets for the Chukchi Sea flight on March 21. We have not corrected the altimeter snow depths for air/snow velocity changes, because of the large uncertainty in the snow parameters needed for the correction. These statistics are presented in Table IV . The mean snow depth difference (PSR minus altimeter) is −2.4 cm with a standard deviation of 7.7 cm. The RMS error is 8.0 cm, and the overall correlation between the two snow depth data sets is 0.59.
IV. SUMMARY AND CONCLUSIONS
Although the original intent of the Arctic 2006 field campaign was to use the airborne altimeters as a validation tool to assess the AMSR-E snow on sea ice retrievals, we could not undertake a validation study, because the altimeter elevation differences as a measure of snow depth on sea ice have yet to be validated. Thus, we could not justifiably use the altimeter snow depths as a validation data set. Nonetheless, a comparison between the altimeter-derived and radiometer-derived snow depths provided insight into the limitations of both approaches.
Of the three flights made over the ice-covered seas surrounding Alaska, only the Chukchi Sea flight made on March 21 provided data which yielded a good correlation between the altimeter and radiometer snow depths. However, the slope of the regression line is much less (∼0.5) than 1. An understanding of this requires a careful comparison of both the altimetric and radiometric retrieval methods with in situ snow depth measurements. Snow depth retrievals over Kotzebue Sound on March 22 were apparently affected by a melt-freeze event in the previous month. This event may have produced ice layers in the snow cover resulting in an underestimate of snow depth by the altimeters. The first two flights were over first-year ice, whereas the third flight over the Beaufort Sea on March 25 covered an area comprised mostly of multiyear ice. The presence of multiyear ice results in an ambiguous radiometric snow depth signature, because of scattering of the upwelling radiation by empty brine pockets in the freeboard layer of the multiyear ice [20] . Currently, there is no way to distinguish between first-year ice with a deep snow cover and multiyear ice.
The potential to retrieve snow depth from airborne lidar and radar altimeter measurements has been demonstrated in several studies (e.g., [12] and [14] ), but a true validation of this method has not yet been demonstrated. Furthermore, there is a recurrent need to apply an adjustment to the radar altimeter data. Indeed, over some areas, the surface (i.e., the air/snow interface) elevation tracked by the lidar is lower than the snow/ice interface that should be detected by the radar, resulting in unrealistic negative snow depths. An explanation of these negative snow depths is problematic. The current study and several previous ones [12] , [14] , [21] have encountered the need to adjust the radar altimeter measurements relative to the lidar measurements. Understanding this recurrent discrepancy must be a priority for future studies that aim at using the difference between airborne lidar and radar altimeter measurements as a proxy for snow depth.
Finally, the current status of the AMSR-E snow depth algorithm validation is that it is incomplete. We cannot provide an overall estimate of accuracy with any confidence. Some validation studies have been undertaken with in situ and shipborne measurements [8] , [17] , but comparisons between satellite retrievals and surface point measurements can in itself introduce biases [6] . Thus, there is still a critical need to develop validated methods of retrieving snow depth from airborne sensors to help bridge the spatial divide between satellite observations and surface point measurements. Furthermore, the AMSR-E snow depth algorithm currently does not take into account surface roughness or snow grain size variations, even though both of these parameters affect snow depth retrievals [8] , [17] . More comparative studies are needed covering different surface conditions at different times of the year. Previous studies [8] , [18] , [22] suggest that the use of the 10-GHz AMSR-E channels may help both in differentiating between smooth and rough surfaces and in lessening the affect of increasing snow grain size. Thus, work remains to be done to improve snow depth on sea ice retrievals from both microwave radiometers and altimeters.
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